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ABSTRACT 
Microfluidic mixing is a key process in miniaturized analytical system. Achieving adequate 
mixing performance is considerably difficult in micromixer as the flow is always associated 
with unfavourable laminar flow. The mixing performance of these micromixers are generally 
characterized as a function of mixing index based on dispersion (homogeneity) information, 
leading to either overestimated or underestimated mixing index. This research presents a 
novel method to determine mixing index of micromixers based on red, green and blue (RGB) 
colour model by decoding mixing images to their respective red, green and blue pixel 
intensities. The proposed method is foreseen handy and robust in characterizing mixing in 
real time for gradient mixing in networked microchannels and multivortex mixing for the 
manipulation of fluids, particles and biological substances. Several digital composite images 
were used to perform initial benchmarking, and the proposed method accurately quantified 
the mixing index significantly better than previously adopted methods. T-, Y-, and Dean 
micromixer were laser fabricated and the proposed Dean micromixer exhibits higher mixing 
performance (about 27% better) as compared to T- and Y- micromixers for 40 ≤ Re ≤ 100. 
Extraneously induced ultrasound and thermal energy were studied and their effects towards 
mixing performance is more significant at 5 ≤ Re ≤ 20 because of prolonged mechanical 
effect within the system. It is also found that the mixing index increases of about 6% to 10% 
at various Reynolds number once the sonicated mixing fluids were heated from 30 C to 60 
C. The proposed method and improved design of the Dean micromixer are potentially useful 
for sensitive microfluidic devices as direct contact of the inductive energy sources may cause 
unwanted substrate damage and structural deformation especially for applications in 
biological analysis and chemical synthesis. 
iv 
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Eksperimen Prestasi Pencampuran Dalam Pengadun Mikro yang Direka Dengan Laser 
ABSTRAK 
Pengadun bendalir mikro adalah proses utama dalam sistem analisis miniatur. Prestasi 
pencampuran yang mencukupi merupakan perkara yang sukar untuk diperolehi dalam 
pengadun mikro kerana aliran bendalir bersifat laminar. Prestasi pencampuran dalam 
pengadun mikro pada umumnya dicirikan sebagai fungsi indeks pencampuran berdasarkan 
maklumat penyebaran (keseragaman). Hal ini menyebabkan bacaan indeks pencampuran 
menjadi kurang tepat. Kajian ini memperkenalkan cara baru untuk menentukan bacaan 
indeks pencampuran berdasarkan model warna merah, hijau dan biru (RGB) dengan 
menyahkodkan imej pencampuran kepada intensiti pixel merah, hijau dan biru secara 
berasingan. Kaedah yang dicadangkan dijangka berguna untuk mencirikan prestasi 
pencampuran masa nyata untuk pencampuran kecerunan dalam rankaian saluran mikro, 
pencampuran pelbagai vortex untuk memanipulasi cacair, zarah dan bahan-bahan biologi.  
Beberapa imej komposit digital telah digunakan sebagai penanda aras dan kaedah yang 
dicadangkan berjaya mengukur indeks pencampuran dengan tepat berbanding kaedah-
kaedah yang terdahulu. Pengadun mikro T-, Y- dan Dean telah direka dengan laser dan 
didapati bahawa pengadun mikro Dean menunjukkan prestasi pencampuran yang lebih 
tinggi (lebih kurang 27%) berbanding pengadun mikro -T dan -Y untuk bacaan 40 ≤ Re ≤ 
100. Rangsangan luaran ultrabunyi dan tenaga haba telah dikaji sebagai kaedah untuk 
meningkatkan indeks pencampuran. Kesan rangsangan-rangsangan ini terhadap prestasi 
pencampuran adalah lebih ketara pada 5 ≤ Re ≤ 20 kerana lanjutan kesan mekanikal dalam 
sistem tersebut. Indeks pencampuran bendalir yang dirangsang dengan ultrabunyi juga 
didapati meningkat dari 6% ke 10% untuk pelbagai nombor Reynolds apabila suhu 
dinaikkan dari 30 C ke 60 C. Kaedah yang dicadangkan dan reka bentuk pengadun mikro 
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Dean yang lebih baik berpotensi digunakan untuk peranti mikrofluida yang sensitif kerana 
sumber tenaga induktif secara langsung boleh menyebabkan kerosakan substrat yang tidak 
diingini dan perubahan struktur terutamanya dalam analisis biologi dan sintesis bahan 
kimia.  
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1.1 Study Background 
Microfluidics is an emerging field in which fluid behaviours at micro scale are 
studied. For the past few decades, microfluidic system has become a major topic of research 
due to their widespread application especially in several areas such as biomedical 
diagnostics, chemical analysis, drug development, precipitation and food industry (Lee et 
al., 2016) to name a few. The miniaturized characteristics of microfluidic devices has led to 
substantial cost reduction since they use minimum amount of chemical reagents and 
simultaneously reduce overall process waste (Ward & Fan, 2015). In addition, noticeable 
increase in surface area to volume ratio will substantially reduce the sample volume and 
reagent consumption, increase throughput, minimize operation complexity and maximize 
information extracted (Sivashankar et al., 2016).  
Homogenous and rapid micromixing are important criteria for the abovementioned 
applications since micromixer serves as a crucial component of many functional microfluidic 
devices. Attaining sufficient mixing performance is considerably difficult as the flow is 
typically laminar, and mixing is dominated by molecular diffusion which is slow and 
ineffective (Fu et al., 2017; Ward & Fan, 2015). Fluid flow inside microfluidics is highly 
laminar (Re <100) due to the dominant viscous effect over inertial forces within the flow. 
Slow mixing rate between the reactants has become a critical challenge in this field and 
various types of mixer configurations and designs have been proposed to tackle this issue 
(You et al., 2015). For this reason, enhancement of micromixing through active and/or 
passive approaches is necessary. Active mixing mechanism depends on provision of external 
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energy, for example, by means of micro-stirrer, heat, magnetohydrodynamic and ultrasound. 
On the other hand, passive mixing mechanism depends on manipulation of microchannel 
geometry to increase contact surface area and residence time between mixing fluids.   
1.2 Problem Statement  
The mixing performance of micromixers are generally characterized as a function of 
mixing index. On the basis of colour changes, several quantitative mixing indices have been 
defined based on intensity images recorded using typical digital video microscopes (Ansari 
et al., 2010; Le The et al., 2015; Nimafar et al., 2012; Wang et al., 2018). The digitally 
captured intensity images are usually stored in the format of three 8-bit monochromatic red, 
green and blue colours (RGB), which can be converted to the grayscale, 
Cyan/Magenta/Yellow/Key (CMYK) or Hue/Saturation/Intensity (HSI) colour model. The 
mixing index can be calculated using grayscale images as described in (Chen et al., 2016b; 
Le The et al., 2015; Nimafar et al., 2012; Wang et al., 2018).  The main limitation is that the 
expected normalized pixel intensity is considered constant which is not entirely accurate in 
practice. To incorporate varying normalized pixel intensity in to the calculation of mixing 
index, another method was proposed for HSI images by (Chen & Wang, 2015; Fu et al., 
2017; Johnson et al., 2002; Sivashankar et al., 2016). Meanwhile, to accommodate frame-
varying mean intensity in to the calculation of mixing index, the third method was proposed 
by (Engler et al., 2004; Fu et al., 2017; Luo et al., 2006; Parsa et al., 2014; Rafeie et al., 
2017; Shah et al., 2019). The three abovementioned methods are essentially based on 
dispersion (homogeneity) information of the intensity images. One common and clear 
limitation is that the individual RGB values are first averaged before mixing index is 
computed. This could lead to overestimating or underestimating of the calculated mixing 
index.  
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Although passive mixing is preferable due to simple mixing principle, their mixing 
performance is lower and difficult to control compared to active micromixer (Ward & Fan, 
2015). Active micromixers utilizing ultrasound and thermal energy have been demonstrated 
effective to enhance micromixing process, however, integration of these energy source 
within the devices is a non-trivial task (Xu et al., 2011; Yang et al., 2001; Yaralioglu et al., 
2004). In addition, direct contact of the energy sources may cause substrate damage and 
structural deformation (Parvizian et al., 2011). 
1.3 Scope of Study 
This research covers the area of micromixing as a fundamental process inside 
microfluidics system. The scopes of this study are: 
i. Design and laser fabrication of T-, Y- and Dean micromixers using CO2 laser. 
ii. Development and benchmarking of the proposed mixing index quantification method 
utilising RGB model with three different methods from literature. 
iii. Comparison of mixing performance of two dissimilar coloured liquids inside T-, Y- 
and Dean micromixers in the range of 5 ≤ Re ≤ 100. 
iv. Comparison and evaluation of mixing performance inside the Dean micromixer (5 ≤ 
Re ≤ 100) in three different operating conditions: room temperature (25 C), 40 kHz 




i. Low Reynolds number could cause the mixing fluid to spend more time inside the 
microchannel. This longer time interval (residence time) between entry and exit of 
the fluid are predicted to increase molecular diffusion between the mixing fluids 
throughout the microchannel. 
ii. Theoretically, the effects of Dean vortices inside a curved microchannel is directly 
proportional to the Reynolds number. Increasing the Reynolds number are expected 
to affect the mixing performance of the Dean micromixer due to enhanced Dean 
vortices. 
iii. Extraneously induced ultrasound and thermal energy may generate disturbance 
inside the microchannel and reduce the fluid viscosity, respectively. The prolonged 
disturbance inside the microfluidic system are predicted to help in enhancing the 
micromixing process.  
1.5 Objectives 
The main objectives of this research are: 
i. To design and laser-fabricate T-, Y- and Dean micromixers. 
ii. To compare performance of T-, Y- and Dean micromixers at varying Reynolds 
number using novel method of mixing index quantification based on RGB colour 
model. 
iii. To investigate the effect of extraneously induced ultrasound and thermal energy 
towards mixing performance of Dean micromixer.
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Microfluidics has become an interesting topic due to its widespread application in 
healthcare, drug development, biological analysis, chemical and biomedical analysis, food 
processing, pharmaceutical, pathogen detection and others. The miniaturized characteristics 
of microfluidic devices lead to substantial cost reduction in which these devices use 
minimum amount of samples, chemical reagents and reduce overall waste generated (Ward 
& Fan, 2015). In particular, micromixer serves as a crucial component of many functional 
microfluidic devices. Fluid flow inside microfluidics is highly laminar (Re < 100) due to the 
dominant viscous effect over inertial forces within the flow. Therefore, the mixing process 
inside the micromixer depend almost entirely on diffusion, which is slow and ineffective (Le 
The et al., 2015). Slow mixing rate between the reactants has become a critical challenge in 
this field and various types of mixer configurations and designs have been proposed to tackle 
this issue (You et al., 2015). This chapter focuses relevant methods that have been developed 
in the past to increase the efficiency of micromixers without compromising the integrity of 
the devices. The following section provides an overview of the selected applications of 
micromixers in disease diagnosis, drug development and biological analysis. 
2.2 Applications of Micromixer 
2.2.1 Disease Diagnosis 
Potential growth of microfluidic technologies in medicine and healthcare are 
limitless. The nature of Lab-on-Chip (LoC) which can perform rapid, economical, ease-of-
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operation and reliable diagnosis are the key factors for the increased demand of these 
devices. LoC-based point of care (PoC) system has been employed for chronic disease 
diagnosis due to these aforementioned key factors (Wu et al., 2018). According to World 
Health Organization (2018), it was estimated that 1.6 million of death in 2016 were directly 
related to diabetes, and almost half of the death was associated with high glucose level for 
people below age of 70. Although many blood glucose meters are commercially available in 
the market, the accuracy of these devices remain low (Evans et al., 2014; Wu et al., 2018). 
For this reason, a number of microfluidic paper-based analytical devices have been 
developed to improve the diagnosis efficiency and control multiple reagents and analytes 
simultaneously. In addition to improved efficiency in detecting glucose level, LoC are also 
reliable in detecting uric acid, nitrite and bovine serum albumin (De Tarso Garcia et al., 
2014). 
In addition, LoC was proven as a convenience means for early detection of chronic 
kidney disease (CKD). The most common methods to detect CKD is by measuring creatinine 
(waste products when it breaks up) concentration level in blood (Wu et al., 2018). However, 
conventional clinical measurement of the creatinine concentration level requires high-end 
and expensive equipment. LoC device to measure the level of creatinine has been developed 
for screening purposes incorporating electrophoretic separation and conductivity detection 
(Ávila et al., 2013).  
2.2.2 Drug Development 
Different drug development processes require different configurations of 
microfluidic devices. For instance, merging microchannels such as T- and Y- micromixers 
can be utilized to ensure mixing of various reactants with varying concentrations. These 
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reactants can be analysed up to micro-scale level. Microfluidic devices provide a higher level 
of control to manipulate concentration and flow characteristics during the mixing process. 
Therefore, this level of control over the fluids will lead to useful extraction of data required 
especially in drug discovery and development. Kastner et al. (2015) proposed a new method 
utilizing micromixer to prepare liposomal solubilising systems. This is because liposomes 
have the capability to act as solubilizing agent for drugs that has low aqueous solubility. 
Current liposome solubilising technology lacks the scalability and typically needs high-cost 
production methods. In short, it has the capability to replace conventional methods of 
liposomes preparation.  
Jia et al. (2016) used micromixer to increase reaction and production of antitumor 
drugs, taking advantage of liposomes as carriers for drug delivery due to biocompatibility 
and good release properties. Jia et al. (2016) discovered that the utilization of micromixer 
results in lower compound consumption and high efficiency in comparison with 
conventional methods. Apart from liposomes, polymeric nanoparticles are also considered 
as excellent drug carriers which demonstrated increased stability of drugs and control over 
their release properties in nanoprecipitation (Ding et al., 2016). The main requirement for 
this is the fast mixing of polymers solution with specific solvents until they are completely 
miscible. Since microfluidic devices have the capability to manipulate fluid flow at 
microscale level, they are the most suitable tool to control solvent transfer in 
nanoprecipitation.  Accordingly, drug-loaded polymer can be effortlessly produced by 
nanoprecipitation of a polymer using specific drugs with the help of microfluidic devices. 
Ding et al. (2016) noted that micromixers yield a high efficiency in term of controlled mixing 
between the reagents especially in nanoprecipitation process.  
8 
Kim et al. (2012) developed a programmable microfluidic culture array with 64 
individual cell culture chambers for drug candidate screening purposes. The design was 
based on the concept of simple diffusive micromixer for generation of the desired drug 
combination. The developed microfluidic device was used to optimize combination of 
multiple drugs for treatment of PC3 prostate cancer cells. Furthermore, the developed system 
was also capable of finding the optimum drug combination for other diseases, not only 
limited to PC3 prostate cancer cells (Kim et al., 2012). 
2.2.3 Biological Analysis 
Compared to traditional methods that used culture of single media which is 
inherently time consuming, expensive and requiring large sample volume, microfluidic 
system was proven capable processing multiple samples with smaller reagent volume with 
less time using a single device (Lee & Fu, 2018). Wang et al. (2013) used the concept of 
unbalanced splits and collisions in micromixer for rapid detection of bacteria cells. 
Escherichia coli (E. coli) sample was tagged with fluorescent dye in order to measure 
concentration of this bacteria at the preconcentrated region. The developed device can be 
easily fabricated and integrated with handheld device system for real time detection of 
bacteria by concentrating them at a target position for imaging purposes.  
Duarte-Guevara et al. (2016) performed Propidium monoazide (PMA) labelling on 
microfluidic device for detection of Salmonella Typhi (S. Typhi) and E. coli. PMA is a 
molecule that covalently bonds to DNA when exposed to light which allows detection of 
these two groups of bacteria. Three labelling stages which comprise of mixing, incubation 
and cross-linking were performed in a single microfluidic device, leading to a simpler and 
faster process compared to standard procedure. Furthermore, the cost for the whole process 
